Abstract. This paper deals with the design of digital controller for DC
INTRODUCTION
In modern devices, such as industrial applications (spacecraft power systems, DC motor drives, telecommunication equipment) or personal applications (PCs, office equipment, electrical appliance), the need for power supplies with high performance of regulation is increasing in practice because of the stochastic disturbances, so the control system must be more reliable, stable, and economic. The DC-DC boost converters are power supplies, which are used in applications where the required output voltage needs to be higher than the source (input) voltage.
Most of control methods, applied in converter design, are based on pulse-widthmodulation (PWM) fixed frequency techniques, also known as a duty cycle controls [1] . The implementation of PWM techniques in control of DC-DC boost-type converter, operating in continuous conduction mode (CCM), may cause the appearance of righthalf-plane-zero (RHPZ) in its duty-cycle-to-output-voltage transfer function [2, 3] . To deal with input voltage and load resistance variations, robust control techniques are preferable for DC-DC converter design. Sliding mode (SM) control [4] [5] [6] belongs to this class of control algorithms. The system dynamics with SM controller is equivalent to the system dynamics with PWM controller [7] so that SM equivalent control [8, 4] u eq is equal to the duty cycle control signal d. It has been proven in [9] that a generalized minimum variance (GMV) control corresponds to digital SM equivalent control, when the controller design is based on input/output plant models. On the other hand, GMV control algorithm [10] was first introduced by Clarke to control non-minimum phase systems. This qualifies GMV control as a good candidate for digital control of DC-DC boost converter.
In this paper, we present a digital control designed by using the input-output model of boost converter in the form of a discrete-time transfer function, which eliminates the need for additional current sensor. This means that the measuring of inductor current is not mandatory. The proposed control is the combination of GMV control algorithm and onestep-delayed disturbance estimator [9, 11, 12] . GMV control is suggested herein to cope with RHPZ of duty-cycle-to-output-voltage transfer function and to enable the controller design based only on converter output voltage measuring. To the authors' knowledge, there are only few papers dealing with the controller design for DC-DC converters based on their input/output models [13, 14] .
The paper is organized as follows: The model of DC-DC boost converter in discrete-time domain is derived in Section 2. Based on this model, the digital controller is designed in Section 3 for this type of converter. The results of digital simulation, which validate the proposed approach, is discussed in Section 4. Section 5 contains some concluding remarks.
MODEL OF DC-DC BOOST CONVERTER
The diagram of boost converter with the digital controller is presented in Fig. 1 . In order to design digital control input, the DC-DC boost converter model is derived first as the discrete-time transfer function, which is obtained from the state-space model given in [15] .
In Fig. 1 , L, C k and R L denote an inductance, a capacitance and a load resistance of the converter, whereas i L , i c , i out are inductor, capacitor, and output (load) currents, respectively. Reference, input and output voltages are denoted by V ref , v in , v out , respectively, a sensor gain is marked by β, and u represents the signal driving the power switch S w . It is assumed that the boost converter operates in CCM. By choosing the output voltage and its time-derivative as the state coordinates (x 1 =v out , x 2 =dv out /dt), the linearized small signal state-space model of boost converter in continuous-time domain is obtained in the form of [15] :
where V in and V out are the boost converter input and output nominal voltages, and the appropriate transfer function model is:
Under the assumption that u(t)=u(kT), kT<t<(k+1)T, where k is a time instant and T is a sampling period, the discrete-time input-output model of boost converter can be written as:
where z -1 is the unit delay i.e. z -1 =e -sT , s is a complex variable and (k) = (kT). Due to the input voltage and load resistance variations, the polynomials A(z 1 ) and B(z 1 ) are expressed in the following form:
where A n (z 1 ), B n (z 1 ), A(z 1 ) and B(z 1 ) denote the polynomials with nominal and perturbed values of boost converter parameters, respectively. Therefore, the equation (3) can be rewritten in the next form:
where:
is considered as a disturbance caused by the input voltage and load resistance variations. The latter model will be used for design purposes of the digital controller.
DIGITAL CONTROLLER DESIGN PROCEDURE
The controller should ensure that the sensed output voltage y(k)=βv out (k) is stable, constant and equal to some reference voltage V r (k)=V ref in the presence of input voltage v in and load resistance R L variations. To reach this goal, GMV control is suggested herein due to its analogy to digital equivalent control approach, as mentioned earlier in this paper:
where C(z -1 ) is a polynomial with all zeros inside the unit disk of z-plane and Q(1)=0. E(z -1 ) and F(z -1 ) are solutions of the so-called Diophantine equation:
To cope with (6), one-step-delayed disturbance estimator defined by:
is introduced in the control law (6). This will lead to the minimization of variance of a variable:
also known as a switching function of digital sliding mode control, whose design is based on input/output plant model [9, 12] . Substituting (7) in (5), taking into account (8), the 2 () OT accuracy of (10) is attained, i.e.:
The closed-loop dynamics is directly derived from (5) and (10) in the form of [12] :
It is obvious from (12) that, in order to guarantee the system stability, all roots of equation )) should not have common zeroes outside this disk. The system steady-state accuracy can be obtained from (12) for z=1 and Q(1)=0 as:
As ( 1) sk is 2 () OT , in accordance with (13), the steady-state converter accuracy will be within 2 ( ) (1) O T C boundaries .
SIMULATION RESULTS
The validation of the proposed control algorithm for DC-DC boost converter is done by using digital simulation and the results are presented in this section. The nominal values of converter parameters are given in Table 1 . Based on these values, the discrete-time model of boost converter (5) is determined for T=1 ms by The switching frequency of PWM is f pwm = 7.874 kHz so that the influence of RHPZ in duty-cycle-to-output-voltage transfer functions is significantly suppressed, but at the cost of lower bandwidth [2] . In order to show load and line regulation properties of the proposed DC-DC boost converter with GMV control incorporating disturbance estimator, the step load changes from The digital simulation results show that the use of disturbance estimator is mandatory in order to obtain the robust performances of DC-DC boost converter. GMV controller with disturbance estimator gives better steady-state accuracy, which means that it will provide zero error tracking of the reference input signal, both in the case of the input voltage and the load resistance variations. The implementation of the GMV with disturbance estimator has the same effect as adding additional integral term in control algorithm [9] . 
CONCLUSION
This paper considers the use of generalized minimum variance control algorithm with one-step-delayed disturbance estimator in the control of DC-DC boost converter. The whole controller design procedure is based on the converter model given by the discretetime transfer function. Therefore, there is no need for using additional current sensor. The presence of disturbance estimator increases the converter robustness to input voltage and load resistance variations, as well as the overall converter accuracy in the steady-state. Since GMV control term may be considered as the counterpart of digital equivalent control [9] , there are no obstacles for the practical realization of the proposed control as one of the pulse-width-modulation (PWM) fixed frequency techniques.
